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Abstract 11
Membrane-potential dynamics mediate bacterial electrical signaling at both intra-and inter-cellular 12 levels. Membrane potential is also central to cellular proliferation. It is unclear whether the cellular 13 response to external electrical stimuli is influenced by the cell's proliferative capacity. A new strategy 14 enabling electrical stimulation of bacteria with simultaneous monitoring of single-cell membrane 15 potential dynamics would allow bridging this knowledge gap and further extend electrophysiological 16 studies into the field of microbiology. Here we report that an identical electrical stimulus can cause 17 opposite polarization dynamics depending on cellular proliferation capacity. This was demonstrated 18 using two model organisms, namely B. subtilis and E. coli, and by developing an apparatus enabling 19 exogenous electrical stimulation and single-cell time-lapse microscopy. Using this bespoke apparatus, we 20
show that a 2.5 sec electrical stimulation causes hyperpolarization in unperturbed cells. Measurements 21 of intracellular K + and the deletion of the K + channel suggested that the hyperpolarization response is 22 caused by the K + efflux through the channel. When cells are pre-exposed to UV-violet light, the same 23 electrical stimulation depolarizes cells instead of causing hyperpolarization. A mathematical model 24 extended from the FitzHugh-Nagumo neuron model suggested that the opposite response dynamics are 25 due to the shift in resting membrane potential. As predicted by the model, electrical stimulation only 26 induced depolarization when cells are treated with antibiotics, protonophore or alcohol. Therefore, 27 electrically induced membrane potential dynamics offer a novel and reliable approach for rapid detection 28 of proliferative bacteria and determination of their sensitivity to antimicrobial agents at the single-cell 29 level. 30
Introduction 35
Compared to animal bioelectrical signaling, bacterial electrical signaling is understudied and only recently 36
were the excitation dynamics of membrane potential shown to mediate the intra-and inter-cellular 37 signaling which regulates important physiological processes, namely mechanosensation, spore formation 38 and biofilm dynamics (1-4). In animal bioelectrical signaling, externally applied electrical stimuli and 39 measurements of cellular electrical properties have been the principle methodology (5-8). This approach 40 has led to many key discoveries regarding the roles of animal bioelectrical signaling (e.g. early tissue 41 development (9, 10), regeneration (11) and carcinogenesis (12-14)) and has fostered the development 42 of real-world applications such as for tissue engineering (15-17), wound healing (6, 18) and 43 electroceuticals (19). Utilizing exogenous stimuli is an important step forward toward understanding 44 bacterial electrical signaling and development of applications based on bacterial electrophysiology. In the 45 past, applications of electric currents to bacteria were used for sanitization (20) 
51
where ∆ is the induced membrane potential, is the cell radius, is the applied field strength, is 52 the AC field frequency and is the relaxation time of the membrane (23 To examine whether an externally applied electrical stimulus is capable of opening K + channels on 109 bacterial membranes, we applied an exogenous electrical stimulus (3 Vpp AC 0.1 kHz for 2.5 sec) to B. 110 subtilis cells placed between the 50 µm electrode gap (Fig. 1B) . Upon electrical stimulation, the intensity 111 of ThT fluorescence increased, indicating a hyperpolarization response (Fig. 1C) . Single-cell analysis of the 112 fluorescence dynamics revealed that most cells exhibited the hyperpolarization of membrane potential 113 (Vm), while a small subpopulation of cells depolarizes upon stimulation (Fig. S4A) . Intriguingly, the growth 114 rate of these depolarizing cells was found to be much lower compared to other cells (Fig. S5) . No 115 detectable change in ThT intensity was observed with the absence of electrical stimulus, indicating that 116 the observe dynamics are induced by the electrical stimulus (Fig. S6) Having tested our apparatus, we examined the impact of proliferative capacity on signal response by 139 using inhibited cells. To inhibit the proliferative capacity of cells, we chose UV-Violet light (400 nm) 140 because it is one of the most commonly used sanitization methods, which has been shown to be effective 141 with both Gram-positive and Gram-negative bacteria (43, 44). Importantly, application of UV-V light 142 allows spatially precise inhibition, creating both irradiated and unirradiated regions within the same field 143 of view. This is critical because it ensures identical electrical stimulation is applied to both proliferative 144 and inhibited cells. We irradiated B. subtilis cells in a defined region by UV-V light for 30 sec ( Fig. 2A) . The 145 growth suppression of the irradiated cells was confirmed by the single-cell analysis of phase-contrast 146 time-lapse microscopy before being stimulated with an electrical pulse (Fig. S10) . Upon an electrical 147 stimulation, the irradiated cells exhibit depolarization, while cells in untreated regions become 148 hyperpolarized, in spite of the fact that both received identical electrical stimulus ( Fig. 2B and C). This 149 experiment demonstrates that an identical electrical stimulus can result in cellular response in apparent 150 opposite directions depending on whether cells are exposed to UV-V or not. Strikingly, analysis of the 151 fluorescence dynamics after electrical stimulation showed a clear bimodal distribution correlating with 152 the irradiation ( Fig. S11A and B). To examine whether this is unique to B. subtilis, we conducted the same 153 experiment with E. coli cells. The result with E. coli also revealed distinct responses depending on whether 154 cells were treated by UV or not (Fig. S11C ). These results suggest that proliferative and growth-inhibited 155 cells respond differently to an identical electrical stimulus and that this difference in response dynamics 156 is common to these two phylogenetically distant model organisms. 157
158
A mathematical model suggests that the response differentiation is due to the shift in resting 159 membrane potential. 160
To gain conceptual understanding of the observed distinct responses to an identical electrical stimulus, 161
we used a mathematical framework based on FitzHugh-Nagumo (FHN) neuron model. The FHN neuron 162 model, originally published over half a century ago (45), is one of the most paradigmatic models in 163 neuroscience due to its mathematical simplicity and richness for capturing complex behaviors (46). We 164 extended the FHN neuron model to bacterial electrophysiology while retaining its mathematical 165 simplicity (see SI text for details). Briefly, in our FHN bacteria model, we considered two parameters 166 representing the resting-state membrane potential and K + transmembrane gradient. Numerical 167 simulations of the model showed that an external electrical stimulus causes hyperpolarization in 168 proliferative cells, while the same stimulus produces a relaxation response from depolarization in 169 inhibited cells ( Fig. 3A and S12). This is because the direction of K + flux (influx or efflux) differ depending 170 on the resting-state membrane potential and transmembrane concentration gradient of K + (Fig. 3B ).
171
According to our simulations, opening of K + channels in proliferative cells results in K + efflux following the 172 concentration gradient, thus causes hyperpolarization. However, the same opening of K + channels only 173 lead to the relaxation from depolarization due to weaker transmembrane K + gradient. This mechanistic 174 insight from the simulations predicts that the shift in resting-state membrane potential is sufficient to 175 alter the response dynamics to an electrical stimulus. This means that different classes of growth-176 inhibition treatments should also make cells to respond by depolarization. 177
To examine this prediction from the model, we conducted the electrical stimulation experiment 178 with the cells exposed to different classes of common growth-inhibition treatments; namely, an antibiotic 179 vancomycin, a protonophore CCCP and a common antimicrobial agent ethanol. As predicted by the 180 model, vancomycin-treated cells exhibited a clear depolarization in response to an exogenous electrical 181 stimulus (Fig. 3C) , as opposed to the hyperpolarization response seen in unperturbed cells (Fig. 1C) .
182
Experimental tests with the cells treated with ethanol or CCCP also showed depolarization response ( Fig.  183 3D and S14 (Fig. 4A) . The fluorescence 201
of ThT showed lower intensity with E. coli compared to B. subtilis (Fig. 4B) . Although the exact reason for 202 this is unclear it may suggest that there is a difference in stability or fluorescence yield of ThT between 203 these two species. This difference in intensity level highlights an advantage of our approach focusing on 204 the response dynamics rather than being reliant on the initial affinity of the cells for the dye. After an 205 hour-long exposure to vancomycin, the co-culture was treated with an external electrical stimulus. The 206 result revealed distinct patterns of membrane potential dynamics for E. coli and B. subtilis cells treated 207 with vancomycin. Specifically, the electrical stimulation causes E. coli to become hyperpolarized, while 208 depolarizing B. subtilis ( coli or B. subtilis (Fig. S15) . We also confirmed that vancomycin is active on B. subtilis, but not on E. coli 210 (Fig. S13) . The histogram of individual-cells response revealed distinct distributions between E. coli and 211 B. subtilis (Fig. 4E) . These results thus demonstrate that the approach focusing on electrically induced 212 membrane-potential dynamics allows for rapid differentiation of E. coli and B. subtilis in a mixed culture. Our hope is that the experimental setup we have developed and demonstrated in this work will 217 encourage more microbiologists to consider bacterial electrophysiology in conjunction with their 218 physiological processes of interest. In addition to mechanosensation and biofilm dynamics, membrane 219 potential is closely associated with important microbiological processes including persister formation and 220 antibiotics resistance (48-51). This is an important societal challenge since antimicrobial resistance is 221 rising. Our device will provide a new toolkit to identify the molecular-mechanism involved in this relation.
222
It would also be useful to systematically analyze whether externally altering membrane potential using 223 electrical stimulation impacts the formation of persisters. Furthermore, our device could be used for 224 single-cell investigation of metabolic electron flow, which would be particularly important for metabolic 225 engineering (52-54). Beyond these phenomena known to be related to membrane potential, we 226 speculate that bacterial electrical signaling may play roles in many more physiological processes than 227 previously realized. The uses of exogeneous electrical stimuli should unlock opportunities to gain new 228 insights regarding bacterial electrical signaling mediated by membrane potential dynamics. In parallel to 229 fundamental research, we envision that the use of applied electrical stimuli in the context of bacterial 230 electrophysiology will open the door to future developments into a novel approach for real-time 231 electrical control of bacterial functions. 232
Our finding, that proliferative capacity alters cellular response to electrical stimuli, provides 233 insights into bacterial electrical signaling. For example, it was shown that metabolic stress, namely 234 glutamate limitation, triggers biofilm electrical signaling (3). Our findings now suggest that metabolic 235 stress is not only capable of initiating electrical signaling but also alters the cellular response to this 236 signaling. This additional layer of interaction between metabolic activity and electrical signaling can form 237 a feedback loop that allows emergence of complex behavior. Characterizing this feedback interaction and 238 examining the impacts of electrical stimulus to biofilms are important future research tasks. In E. coli 239 mechano-sensation, electro-physiological response to mechanical stress was shown to be 240
electrical stimuli is intrinsically linked to proliferative capacity, then our discovery may suggest that the 242 endogenous heterogeneity in proliferative capacity can be a source of this heterogeneity. It will be 243 interesting to examine this possibility using single-cell microscopy analysis combined with an applied 244 exogeneous electrical stimulus. 245
Our simulation and experiments suggested that the distinct response dynamics between 246 proliferative and inhibited cells are due to a shift in resting membrane potential. Since the maintenance 247 of membrane potential accounts for a major fraction of cellular energy consumption (30), it seems 248 plausible that different types of metabolic and environmental stress would all ultimately lead to 249 imbalance in transmembrane ion gradient at resting state. For instance, the Ktr potassium uptake system 250 in B. subtilis and the Kdp potassium uptake system in E. coli are both ATP-driven (55, 56 
Strains and Growth conditions 282
Escherichia coli and Bacillus subtilis cells were routinely grown in Lysogeny broth (LB) or on LB agar (1.5 283 % (w/v)) plate. The reporter and mutant strains used in this study are listed in Table S1 . For electrical 284 stimulation experiments, a colony from LB agar plate was inoculated into liquid LB and subsequently 285 incubated at 30°C with aeration (200 r.p.m.) to OD600 ≈ 1.5. Cells were then resuspended in MSgg 286 (minimal salts glutamate glycerol) media (58): 5 mM Potassium Phosphate (pH 7.0), 10 mM MOPS (pH 287 7.0), 2 mM MgCl2, 700 µM CaCl2, 50 µM MnCl2, 100 µM FeCl3, 1 µM ZnCl2, 2 µM thiamine-HCl, 0.5 % 288 (v/v) glycerol, 0.5 % (w/v) monosodium glutamate. Note that the MOPS concentration is reduced by 10-289
fold from the original receipt of MSgg in order to suppress electrolysis of the media. After an hour 290 incubation in liquid MSgg, cells were inoculated onto MSgg LMP (low-melting point) agarose pads 291 containing 10 µM Thioflavin T (ThT) (Sigma-Aldrich). With experiments focusing on mixed culture, 5 µg/ml 292 vancomycin hydrochloride, 1 mM NH4Cl and 0.25% (w/v) glucose were supplemented to the MSgg LMP-293 agarose pads. Pads were prepared as described previously (59 
Relay circuit 313
Components shown in Fig. S3 were mounted through-hole onto a solderable breadboard with copper 314 tracks printed onto one side. Connections between components were accomplished by soldering jumper 315 wires of appropriate length to the appropriate position on the copper track. A track breaking tool was 316 used to isolate the components which should not be connected but were on the same track. The 317 components were assembled as shown in the circuit diagram (Fig. S3) . The trigger input from scientific 318 cMOS camera (Orca Flash 4.0, Hamamatsu) was connected to the circuit through a BNC (Bayonet Neill-319 Concelman) connector soldered onto the circuit board. The signal pin from the BNC connector was 320 further connected to an analogue pin on an Arduino UNO R3 (Arduino, arduino.cc) to record when the 321 voltage output from the camera attached to the microscope. A counting loop was implemented in 322
Arduino script to count camera exposures to coordinate the electrical stimulate and sequential imaging.
323
At the programmed time in the imaging sequence a digital pin is set 'HIGH' to provide power to an electro-324 mechanical relay. This switches the relay throw from ground to the input signal from the arbitrary 325 function generator (Tekronix). All counter electrodes are permanently grounded through a common 326 ground connection. 327 328
Constructing Bespoke Electrode Dishes 329
Stainless steel disks of 50 µm in thickness and 39 mm in diameter were manufactured by Laser 330
Micromachining Ltd. with a negative electrode design and used as coating masks. A negative mask was 331 placed into a glass-bottom dish (HBST-5040, Willco Wells). The glass-bottom dish with a mask in place 332 was then attached to 40 mm stainless steel washers on a silicon wafer using several 5 mm neodymium 333 magnets. Once attached, the silicon wafer was mounted in an Electron Beam Physical Vapor Deposition 334 System (A custom built model II2000EB, Scientific Vacuum Systems); a 20 nm titanium adhesion layer and 335 a 100 nm gold conductive layer were deposed onto the dish, with the mask permitting the electrode 336 design to be applied. Copper wire was soldered to corresponding connections on a 10 pin IDC (Insulation-337 displacement connector, RS Components) at channels corresponding to the electrodes. Small holes were 338 made through the plastic rim of the dish, with the copper wire being threaded through until all were in 339 their corresponding positions. The IDC was then fixed in position using two-part waterproof adhesive 340 (Araldite Rapid, RS Components). Once the IDC was fixed in place the wires were attached to their 341 corresponding electrode terminals with aqueous graphite conductive adhesive (Alfa Aesar), then left 342 overnight at room temperature to set to reduce resistance of the adhesive. Following this, the graphite 343 connections were covered with Araldite adhesive to protect them from moisture degradation. 344
Electrical Stimulation 346
Application of electrical stimulation was accompanied with time-lapse imaging with 2 fps (frames per 347 second) for 1 minute. An alternating current (AC) signal (0.1 kHz; 3 V peak-to-peak (-1.5~+1.5 V)) was 348 generated using an Arbitrary Function Generator (Tektronics) and connected to a series of relays, each 349 corresponding to an electrode on the gold-coated dish (Fig. S2) . The camera trigger was connected to 350
Arduino UNO R3 in the relay circuit to control the timing of electrical stimulation; upon counting 10 351 camera exposures, the relay to the electrode being imaged would open for 2.5 sec, applying electrical 352 stimulation to the electrode while simultaneously imaging. 353 354
Time-lapse Microscopy 355
The membrane potential dynamics and growth of individual cells were recorded using an inverted epi-356 fluorescence microscope, DMi8 (Leica Microsystems), operated by MetaMorph (Molecular Devices). The 357 microscope is equipped with an incubation chamber (Pecon, i8 Incubator) which maintained the 358 temperature at 30°C throughout the experiments. Prior to microscopy experiments, the chamber was set 359
to 30°C for at least 3 hours, and samples were placed in the chamber for an hour. For all observations, a 360 100x objective lens (NA=1.3, HCX PL FLUOTAR, Leica) was used and images were taken with scientific 361 cMOS camera ORCA-Flash 4.0 v2 (Hamamatsu Photonics). Cell growth was monitored using phase 362 contrast (exposure time: 100 msec). ThT fluorescence was detected using a single-band filter set 363 consisting of Ex 438/24 nm, Em 483/32 nm, and Dichroic mirror 458 nm (Semrock), with exposure time 364 of 150 msec. For the mixed culture experiment, YFP was detected using a filter set consisting of Ex 509/22, 365
Em 544/24, and Dichroic mirror 526 (Semrock). mCherry was detected using a filter set consisting of Ex 366 554/23, Em 609/54, and Dichroic mirror 573 (Semrock). The exposure time for the imaging of both YFP 367 and mCherry was 300 msec. 368
For irradiation to UV violet light, cells were irradiated by UV-Violet light for 30 sec using the inverted 369 microscope DMi8 (Leica Microsystems) and the LED light source, SOLA SM II Light Engine (Lumencor), 370
with an excitation filter 400/16. Field Diaphragm of the microscope was used to irradiate only a specific 371 region of the field of view. Before electrical stimulation, a one-hour growth period was allowed during 372 which cells were observed using phase contrast microscopy to ascertain the effects of UV-V light. The elongation rates were determined as the slope of fitted straight lines. Numerical calculations were 383 performed in python using scipy (scipy.org) and numpy (numpy.org). Graphs and plots were generated 384 using the python data-visualization packages matplotlib (matplotlib.org) and seaborn (seaborn.pydata. 385 org). Scripts were written using Jupyter Notebook (jupyter.org/ Figure S16
E. coli and B. subtilis can be differentiated based on their response dynamics to an 684 electrical stimulus. Individual cells' response dynamics to an electrical stimulation. The data correspond 685
to Fig. 4E . 686 
